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Introduction 

Telomeres  are  repetitive  sequences  that  protect  the  ends  of  linear  chromosomes. 
Telomeres  shorten  with  each  cell  division;  eventually  reaching  a  critically  short  length 
that  causes  the  cell  to  permanently  cease  dividing  after  reaching  number  of  divisions 
known  as  the  Hayflick  limit.  It  has  been  shown  in  our  lab  and  others  that  this  telomere 
initiated  growth  arrest  (termed  Ml)  is  mediated  through  the  tumor  suppressors  p53  and 
pRb.  Inhibiting  these  proteins  with  SV40  T  antigen  or  HPV  E6/E7  leads  to  further 
division  until  a  second  limit  (M2)  is  reached.  This  proliferation  in  the  presence  of  short 
telomeres  is  associated  with  end  to  end  chromosome  fusions  and  genomic  instability  1,2 . 
This  genomic  instability  occasionally  results  in  the  production  of  a  rare  clone  that  can 
continue  to  divide  due  to  the  activation  of  telomerase,  an  enzyme  capable  of  adding  new 
DNA  to  the  telomeres.  This  situation  may  parallel  the  formation  of  cancerous  cells  in 
vivo,  which  in  many  cases  show  evidence  of  genomic  rearrangements  leading  to 
activation  of  telomerase  1  .  End-to-end  fusion  chromosomes  have  been  shown  to  have 
little  or  no  telomeric  DNA  present  at  the  junction  in  humans 5  and  mice  '.  Note  that 
telomere  shortening  is  correlated  with  aging,  and  aging  is  one  of  the  most  important  risk 
factors  for  sporadic  breast  cancer.  Evidence  for  telomere  length  as  an  important  regulator 
of  the  intracellular  environment  beyond  its  role  as  a  “mitotic  clock”  originally  came  from 
Drosophila 6  and  has  been  further  characterized  in  yeast 1 .  In  Saccharomyces  cerevisiae, 
it  has  been  shown  that  a  transgene  integrated  near  a  telomere  will  be  transcriptionally 
silenced  by  an  active  mechanism  involving  SIR  proteins  that  depends  both  on  the  length 
of  the  telomere  and  on  the  distance  to  the  transgene 8.  More  recently,  an  endogenous 
gene  has  been  characterized  that  exhibits  this  silencing,  or  telomere  position  effect  (TPE), 
in  yeast 9.  Our  work  during  the  first  year  of  this  grant  extended  these  observations  from 
yeast  to  human  cancer  cells10.  In  the  second  year,  we  have  further  characterized  human 
TPE  in  human  cancer  cells11.  In  the  third  year,  we  have  determined  a  subset  of  short 
telomeres  in  human  genome  leading  to  replicative  senescence  (aging)12,  resulting  in  a 
third  publication.  We  have  made  significant  progress  in  our  efforts  to  understand  the 
molecular  changes  that  occur  in  telomeric  and  subtelomeric  regions  during  breast  cancer 
progression. 
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Body 

“Task  1”  from  our  statement  of  work  (months  1-12)  was  to  establish  the  existence 
of  telomere  position  effect  (TPE)  in  human  cancer  cells  through  studies  on  the  behavior 
of  a  luciferase  reporter  gene  inserted  either  at  a  telomere  or  at  an  internal  (control)  site. 

As  outlined  in  my  previous  report,  this  task  was  completed  ahead  of  schedule  and 
significantly  extended  in  scope.  During  the  second  year,  using  a  fluorescent  reporter 
integrated  into  human  subtelomeres,  we  have  shown  that  expression  switches  on  and 
off1  ,  in  contrast  to  a  previous  report  and  in  good  agreement  with  the  yeast 7  and 
Drosophila 6  model  systems.  I  have  also  demonstrated  using  these  cells  that  silencing 
can  be  relieved  by  treatment  with  5-bromodeoxyuridine11. 

‘Task  2”  from  my  statement  of  work  (months  12-30)  was  to  investigate  the  effect 
of  transient  telomerase  expression  on  the  frequency  of  immortalization  of  human 
mammary  epithelial  cells.  This  task  was  completed.  An  adenoviral  vector  has  used  to 
transiently  express  telomerase  in  a  population  of  cells  without  additional  complications 
since  this  virus  does  not  integrate  into  the  genome  and  consequently  does  not  need  to  be 
excised.  The  efficacy  of  adenoviral  infection  of  these  cells  was  shown  using  a  green 
fluorescent  protein  (GFP)  vector  compared  to  control  cell.  Telomerase  expression  after 
adenoviral  infection  was  assessed  using  the  telomerase  repeat  amplification  protocol 
(TRAP)  assay  and  shown  to  be  comparable  to  the  level  exhibited  by  the  human  tumor 
cell  line  HI  299.  The  alteration  of  average  telomere  length  after  adenoviral  infection  was 
detected  and  compared  with  control  cells’  by  telomere  restriction  fragment  (TRF)  assay. 
The  frequency  of  spontaneous  immortalization  of  human  mammary  epithelial  cells  was 
5.3  x  1  O'7  determined  by  fluctuation  analysis. 

‘Task  3”  from  my  statement  of  work  (months  18-36)  was  to  investigate  the 
features  of  malignant  and  pre-malignant  breast  cancer  cells  by  fluorescence  in  situ 
hybridization.  This  task  was  completed  ahead  of  schedule  and  significantly  extended  in 
scope.  A  quantitative  protocol  has  been  developed  for  fluorescence  in  situ  hybridization 
(FISH)  analysis  to  telomere  repeats  B.  A  subset  of  short  telomeres  leading  to  replicative 
senescence  (aging)  was  determined  by  FISH  analysis  using  telomere  specific  probes12. 

By  combining  FISH  analysis  using  chromosome  specific  painting  probes  and 
immunostaining  using  early  DNA  damage  response  proteins  including  gamma  H2AX14 
and  53BP1 15,  we  further  confirmed  that  chromosome  ends  with  no  telomere  repeats 
trigger  DNA  damage  response  and  lead  to  cellular  senescence  (aging)12.  Work  on 
characterizing  sub-telomeric  genes  known  to  be  involved  in  breast  cancer,  including 
hTERT  has  been  completed.  Normal  breast  cells  have  two  normal  hTERT  loci  per  cell 
detected  by  FISH  analysis  using  FITC  conjugated  telomerase  special  probes.  However, 
malignant  and  pre-malignant  breast  cancer  cells  have  more  than  two  hTERT  loci  per  cell, 
which  suggests  that  the  amplification  of  telomerase  genes  to  provide  limitless  replicative 
potential  is  required  during  breast  cancer  development.  In  addition  to  the  in  situ  studies, 
we  finished  examining  the  state  (presence,  absence,  or  amplification)  of  subtelomeric 
genes  using  a  70-mer  array,  which  generated  data  on  a  much  larger  sample  of 
subtelomeric  genes  than  originally  anticipated. 
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Key  Research  Accomplishments 

Original  Statement  Task  1.  Establish  the  existence  of  telomere  positive  effect  in  a  human 
cancer  cell  line  through  a  comparison  of  luciferase  reporter  genes  inserted  either  at  a 
telomere  or  internally,  months  1-12; 

■  We  demonstrate  the  presence  of  TPE  in  a  human  cancer  cell.  Positive  clones 
containing  a  luciferase  reporter  adjacent  to  a  newly  formed  telomere  express  10 
times  less  luciferase  expression  than  do  control  clones  generated  by  random 
integration.  Luciferase  expression  is  restored  by  trichostatin  A,  a  histone 
deacetylase  inhibitor.  Overexpression  of  a  human  telomerase  reverse  transcriptase 
complementary  DNA  results  in  telomere  elongation  and  an  additional  2-  to  10- 
fold  decrease  in  expression  in  telomeric  clones  but  not  control  clones. 

■  We  extended  our  original  task  1  to  further  analyze  telomeric  clones.  Telomeric 
clones  bearing  a  telomeric  reporter  were  fully  characterized  and  it  was 
demonstrated  that  expression  switches  on  and  off  (as  opposed  to  low  uniform 
expression)  at  telomeres. 

■  5-bromodeoxyuridine  was  found  to  relieve  silencing  of  both  telomeric  and 
internal  clones. 

Original  Statement  Task  2.  Show  that  elongation  of  telomeres  through  transient 
expression  of  telomerase  leads  to  a  reduction  in  the  frequency  of  immortalization  of 
human  mammary  epithelial  cells  (months  12-30): 

■  Adenoviral  vectors  were  obtained  and  shown,  using  a  GFP  control  vector,  to 
efficiently  infect  human  mammary  epithelial  cells  (HMEs). 

■  Infection  of  HMEs  with  adenoviral  hTERT  was  shown  to  effectively  reconstitute 
telomerase  activity. 

■  After  one  unsuccessful  experiment,  HMEs  have  now  been  infected  with  either 
hTERT  or  a  control  vector  and  their  average  telomere  lengths  were  assayed  by 
TRF  analysis. 

■  The  frequency  of  immortalization  of  human  mammary  epithelial  cells  was  5.3  x 
10'7  determined  by  fluctuation  analysis. 

Original  Statement  Task  3.  Investigate  the  features  of  malignant  and  pre-malignant 
breast  cancer  cells  by  fluorescence  in  situ  hybridization  (months  1 8-30): 

■  A  quantitative  protocol  has  been  developed  for  in  situ  hybridization  to  telomere 
repeats. 

■  A  protocol  for  analysis  of  the  hTERT  gene  by  in  situ  hybridization  has  been 
developed  and  used  on  immortal  and  pre-immortal  human  mammary  epithelial 
cells.  We  found  that  normal  breast  cells  have  two  normal  hTERT  loci  per  cell 
detected  by  FISH  analysis  using  FITC  conjugated  telomerase  special  probes. 
However,  malignant  and  pre-malignant  breast  cancer  cells  have  more  than  two 
hTERT  loci  per  cell. 

■  We  also  extended  the  original  task  3  to  further  understand  the  molecular 
mechanisms  of  development  of  beast  cancer.  A  protocol  combining  FISH  analysis 
using  chromosome  specific  painting  probes  and  immunostaining  using  early  DNA 
damage  response  proteins  including  gamma  H2AX14  and  53BP115  has  been 
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developed  and  used  in  studying  replicative  senescence  and  in  the  progression  of 
breast  cancer.  We  found  that  in  normal  cells  the  chromosome  ends  with  no  telomere 
repeats  co-localized  with  early  DNA  damage  response,  which  first  demonstrate  that 
telomere  signal  free  chromosome  ends  trigger  DNA  damage  response,  leading  to 
grow  arrest  and  cellular  senescence  (aging).  However,  breast  cancer  cells  lost  this 
anti-cancer  protection,  have  an  ability  to  unlimited  proliferate  and  lead  to 
development  of  breast  cancer. 


Reportable  Outcomes 


Publications 

Baur,  J.A.,  Zou,  Y.,  Shay,  J.W.,  and  W.E.  Wright.  Telomere  position  effect  in 
human  cells.  Science,  292: 2075-77. 

Baur,  J.A.,  Shay,  J.W.,  and  W.E.  Wright.  Spontaneous  reactivation  of  a  silent 
telomeric  transgene  in  a  human  cell  line.  Chromosoma,  1 12:  240-246. 

Zou,  Y.,  Shay,  J.W.,  and  W.E.  Wright.  Does  a  sentinel  or  a  subset  of  short 
telomeres  determine  replicative  senescence?  (In  review) 

Abstracts  and  Presentations 

Baur,  J.A.,  Zou,  Y.,  Shay,  J.W.,  and  Wright,  W.  E.  Telomere  position  effect  in 
human  cells.  Presented  at  the  UT  Southwestern  GSO  Poster  Session.  November,  2001 . 

Baur,  J.A.,  Zou,  Y.,  Li,  B.,  de  Lange,  T.,  Shay,  J.W.,  Wright,  W.E. 

Characterization  of  telomere  position  effect  in  human  cells.  Presented  at  the  Molecular 

Genetics  of  Aging  meeting,  Cold  Spring  Harbor,  October,  2002. 

Baur,  J.A.,  Zou,  Y.,  Li,  B.,  de  Lange,  T.,  Shay,  J.W.,  Wright,  W.E. 

Characterization  of  telomere  position  effect  in  human  cells.  Presented  at  the  UT 
Southwestern  GSO  Poster  Session.  November,  2002. 

Baur,  J.A.,  Zou,  Y.,  Li,  B.,  de  Lange,  T.,  Shay,  J.W.,  Wright,  W.E. 

Characterization  of  telomere  position  effect  in  human  cells.  Presented  at  The  Role  of 
Telomeres  and  Telomerase  in  Cancer,  San  Francisco,  December,  2002. 

Zou,  Y.,  Shay,  J.W.,  and  Wright,  W.  E.  Non-canonical  telomeric  sequences  in  the 
regulation  of  replicative  aging.  Presented  at  The  Role  of  Telomeres  and  Telomerase  in 
Cancer,  San  Francisco,  December,  2002. 

Zou,  Y.,  and  W.E.  Wright.  Non-canonical  telomeric  sequences  in  the  regulation  of 
replicative  aging.  Presented  at  The  Role  of  Telomeres  and  Telomerase  in  Cancer,  Cold 
Spring  Harbor,  2003. 

Zou,  Y.,  Shay,  J.W.,  and  Wright,  W.  E.  A  subset  of  short  telomeres  determine 
replicative  senescence.  Presented  at  the  UT  Southwestern  GSO  Poster  Session.  November, 
2003. 

Degree 

Joseph  Baur  had  completed  and  obtained  his  Ph.D.  in  Aug  2003,  which  were 
supported  by  this  award. 
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A  list  of  personnel  receiving  pay  from  the  research  effort 
Ying  Zou,  M.D.  September  2003  -  April  2004 
Joseph  Baur,  Ph.D.  May,  2001  -  August  2003 

Cell  lines  and  reagents  developed 

Hela  cell  lines  containing  either  an  internal  or  a  telomeric  luciferase  reporter  gene 
have  been  developed  and  characterized.  Telomeres  in  several  lines  were  extended  through 
the  introduction  of  telomerase  to  generate  matched  pairs  having  either  short  or  long 
telomeres  next  to  the  reporter  gene.  A  70-mer  array  containing  most  of  the  sub-telomeric 
genes  in  the  human  genome  has  been  developed.  This  array  includes  many  genes  obtained 
through  collaboration  that  are  not  currently  in  the  public  genome  assembly,  and  can  be  used 
to  comprehensively  analyze  subtelomeric  gene  status  in  immortal  and  pre-immortal  human 
mammary  epithelial  cells. 


Conclusions 

Our  work  during  three  years,  including  experiments  outlined  for  all  three  original 
tasks,  has  resulted  in  the  publication  of  two  papers  on  human  telomere  position  effect,  one 
paper  on  short  telomere  and  replicative  senescence  (aging),  and  the  development  of  several 
new  techniques.  In  addition,  we  were  able  to  present  the  work  at  several  meetings.  The 
regulation  of  subtelomeric  genes  by  telomere  length  could  have  extremely  important 
implications  for  breast  cancer.  Altered  expression  of  subtelomeric  genes  could  indicate  the 
presence  of  cells  with  extremely  short  telomeres  that  could  be  expected  to  be  at  an  increased 
risk  of  genomic  rearrangements.  Increased  expression  of  subtelomeric  genes  may  also  have 
a  more  active  role  in  the  progression  of  breast  cancer.  A  70-mer  array  with  most  of  the  sub¬ 
telomeric  genes  in  the  human  genome  being  developed  will  prove  a  valuable  tool  in  the  field 
for  assessing  the  role  of  subtelomeric  rearrangements  and  misregulation  in  breast  cancer.  A 
subset  of  short  telomeres  lead  to  replicative  senescence  (aging)  determined  by  in  situ 
hybridization  techniques  and  triggered  early  DNA  damage-signaling  pathways.  The  in  situ 
hybridization  techniques  being  developed  can  allow  us  detailed  characterization  of  telomere 
lengths  and  specific  gene  rearrangements  that  will  complement  the  expression  data  to  create 
a  detailed  picture  of  the  behavior  of  telomeres  in  breast  cancer  formation. 
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mates  contamination  by  microbes,  which  is  an 
important  criterion  for  maintaining  food  indus¬ 
try  standards.  Fermentative  growth  of  naturally 
heterotrophic  microalgae  has  resulted  in  dry 
biomass  accumulation  to  100  g/liter  (3,  27), 
which  is  10  to  50  times  the  yields  obtained  by 
using  light-dependent  culture  systems.  Fermen¬ 
tation-based  systems  can  reduce  production 
costs  of  microalgae  by  an  order  of  magnitude 
relative  to  that  incurred  by  photosynthesis- 
based  production;  cost  reduction  analyses  factor 
in  expenses  for  both  fixed-carbon  supplemen¬ 
tation  and  equipment  operation  (28).  Commer¬ 
cial  benefits  of  fermentation-based  systems  re¬ 
sult  from  increased  biomass,  productivity,  har¬ 
vesting  efficiency,  and  reduced  losses  from 
contamination.  The  ability  to  grow  microalgae 
heterotrophically  increases  the  feasibility  for 
developing  a  large  range  of  new  algal  products. 

Marine  ecosystems  also  depend  on  dia¬ 
toms,  which  contribute  substantially  to  the 
reduction  of  inorganic  carbon  in  marine  hab¬ 
itats.  Such  a  contribution  may  increase  sub¬ 
stantially  as  the  ecology  of  oceanic  environ¬ 
ments  is  altered  (29-32).  The  exploitation  of 
diatoms  that  can  be  genetically  manipulated 
and  that  can  grow  heterotrophically  will  fa¬ 
cilitate  the  use  of  mutants  to  augment  our 
understanding  of  both  photosynthesis  and 
other  metabolic  pathways  that  are  essential 
for  competing  in  marine  ecosystems. 
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alter  phenotype  with  increasing  cellular  age  (7). 
However,  previous  efforts  to  identify  TPE  in 
mammalian  cells  have  not  been  successful  (8- 
10).  We  demonstrate  here  the  presence  of  TPE 
in  human  cells  and  that  the  strength  of  the 
silencing  effect  is  dependent  on  telomere 
length. 

We  seeded  de  novo  telomere  formation  in 
(telomerase -positive)  HeLa  cells  by  introduc¬ 
ing  a  linear  plasmid  containing  a  luciferase 
reporter  adjacent  to  1 .6  kb  of  telomere  repeats 
(Web  fig.  1)  (11).  Integration  of  a  repeat- 
containing  plasmid  can  result  in  breakage  of 
the  chromosome,  followed  by  extension  of 
the  plasmid  telomeric  sequences  by  telomer¬ 
ase  and  loss  of  the  distal  chromosome  frag¬ 
ment  (12).  Clones  with  a  telomeric  reporter 
were  identified  by  Southern  blotting  of  puri¬ 
fied  telomeres  (Fig.  1A  and  Web  fig.  2)  (11) 
and  confirmed  by  in  situ  hybridization  (Fig. 
IB).  The  mean  length  of  the  healed  telomeres 
(after  subtracting  3  kb  of  attached  plasmid 
sequence)  was  estimated  from  Southern  blots 
to  be  between  1.5  and  2  kb.  Control  clones 
were  generated  by  transfection  of  an  other- 
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In  yeast,  telomere  position  effect  (TPE)  results  in  the  reversible  silencing  of 
genes  near  telomeres.  Here  we  demonstrate  the  presence  of  TPE  in  human  cells. 
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wise  identical  linearized  construct  that  lacked 
telomere  repeats.  As  expected  with  plasmid 
transfections,  there  was  a  high  degree  of  vari¬ 
ation  within  each  group.  The  clones  with  a 
telomeric  reporter  nonetheless  expressed  lu- 
ciferase  at  a  10  times  lower  average  level 
than  did  the  clones  with  an  internal  integra¬ 
tion  site  (Fig.  2A). 

We  next  sought  to  demonstrate  that  the  low¬ 
er  expression  levels  in  telomeric  clones  were 
the  result  of  heterochromatin  formation  rather 
than  of  damage  to  the  transgene  or  the  presence 
of  a  mixed  population  of  clones.  Heterochro¬ 
matin  in  mammalian  cells  is  normally  depen¬ 
dent  on  histone  deacetylation.  We  therefore 
investigated  whether  treatment  with  trichostatin 
A  (TSA),  a  highly  specific  inhibitor  of  histone 
deacetylases  (13),  could  eliminate  the  telomeric 
silencing  effect  we  had  observed.  Telomeric 
and  internal  clones  were  treated  with  TSA. 
After  treatment,  both  sets  of  clones  expressed 
the  reporter  at  an  enhanced  level,  representing  a 
2.6  ±  0.4 -fold  increase  for  the  internal  clones 
and  a  51  ±  37-fold  increase  for  the  telomeric 
clones  (Fig.  2B).  The  initial  difference  in  the 
level  of  luciferase  expression  is  thus  histone 
deacetylase- dependent.  Enhancement  of  trans¬ 
gene  expression  by  histone  deacetylase  inhibi¬ 
tors  has  been  noted  previously  (14).  Luciferase 
expression  returned  to  pre-experiment  levels 
within  72  hours  after  withdrawal  of  the  TSA 

(15) .  Although  the  TSA  dose  used  in  these 
experiments  is  somewhat  cytotoxic,  the  toxicity 
did  not  play  a  role  in  increasing  luciferase  ex¬ 
pression,  because  nonspecific  treatment  with 
toxic  doses  of  hygromycin  led  to  a  moderate 
decrease  in  luciferase  activity  (IS). 

We  next  extended  telomeres  in  order  to 
establish  the  length  dependence  of  the  ob¬ 
served  silencing  effect.  Increasing  the  telo- 
merase  activity  of  HeLa  cells  by  infection 
with  a  human  telomerase  reverse  transcrip¬ 
tase  (hTERT)-encoding  retrovirus  causes 
them  to  elongate  their  telomeres  (Fig.  3A),  as 
has  been  observed  in  several  other  cell  lines 

(16) .  We  observed  an  additional  2-  to  10-fold 
decrease  in  luciferase  activity  after  telomeric 
clones  were  infected  with  a  telomerase-con- 
taining  retrovirus,  as  compared  to  control, 
vector-only  infections  (Fig.  3B).  This  change 
was  not  observed  in  clones  with  an  internal 
luciferase  reporter.  These  results  demonstrate 
that  this  effect  shares  some  similarities  with 
yeast  TPE  and  provides  a  mechanism  by 
which  the  expression  of  subtelomeric  human 
genes  could  increase  with  replicative  age. 

The  strongest  evidence  against  the  existence 
of  mammalian  TPE  comes  from  a  comparison 
of  mRNA  levels  for  a  telomeric  neo  gene  in 
subclones  of  SV40-transformed  human  fibro¬ 
blasts  with  varying  telomere  lengths  (8).  This 
cell  line  uses  the  ALT  (alternative  lengthening 
of  telomeres)  pathway  to  maintain  its  telo¬ 
meres,  a  phenotype  that  involves  altered  telo¬ 
mere  biology  and  a  substantial  increase  in  total 


Fig.  1.  Identification 
of  telomeric  clones  by 
Southern  blotting  and 
in  situ  hybridization. 

(A)  Genomic  DNA  was 
digested  with  Stu  I, 
leaving  the  luciferase 
gene  attached  to  the 
plasmid  telomere  se¬ 
quences.  Telomeres 
were  then  separated 
from  bulk  genomic 
DNA  as  described  pre¬ 
viously  (23).  Both  the 
telomere  fraction  and 
the  supernatant  were 
separated  on  a  0.7% 
agarose  gel,  trans¬ 
ferred  to  a  Zeta- 
Probe  blotting  mem¬ 
brane  (Bio- Rad,  Her¬ 
cules,  California),  and 
probed  with  luciferase 
sequences.  Telomeric 
luciferase  genes  ap¬ 
pear  as  a  smear  in 
the  telomere  fraction 
because  of  the  heter¬ 
ogeneous  lengths  of 
the  attached  telomeres, 
whereas  internally  inte¬ 
grated  genes  appear  as  a  discrete  band  in  the  supernatant  fraction.  Multiple  integrations  were 
noted  in  several  of  the  internal  control  clones;  however,  the  average  was  less  than  two  (77). 
Markers  shown  are  from  X  DNA  digested  with  Sty  I  (in  kilobases).  (B)  Cells  were  fixed  and 
probed  simultaneously  with  the  luciferase  plasmid  labeled  with  Spectrum  Orange  (Vysis, 
Downers  Grove,  Illinois),  shown  in  red,  and  a  fluorescein  isothiocyanate-labeled  oligonucleo¬ 
tide  N3'-P5'  phosphoramidate  probe  complementary  to  telomere  sequences  [(CCCTAA)3], 
shown  in  green.  4\6'-diamidino-2-phenylindole  staining  is  shown  in  blue.  The  top  panel  shows 
a  clone  with  an  internal  integration  site;  the  lower  panels  demonstrate  the  colocalization  of  the 
telomere  and  luciferase  signals  in  three  independent  telomeric  clones. 
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Fig.  2.  Telomeric  clones 
show  a  10  times  lower 
level  of  luciferase  activity 
that  is  restored  by  a  his¬ 
tone  deacetylase  inhibi¬ 
tor.  (A)  Puromycin-resis- 
tant  clones  were  screened 
with  a  Luciferase  Assay 
System  (Promega,  Madi¬ 
son,  Wisconsin)  on  an 
Optocomp  I  luminometer 
(MGM  Instruments,  Ham¬ 
den,  Connecticut).  The  re¬ 
sults  for  23  telomeric  and 
15  internal  integrations 
are  shown.  The  plus  signs 
indicate  clones  with  a  lev¬ 
el  of  expression  too  low 
to  be  visible  on  this  scale. 
(B)  Silencing  is  relieved  by 
the  histone  deacetylase 
inhibitor  TSA.  Three  telo¬ 
meric  and  three  internal 
clones  were  treated  with 
TSA  (200  ng/ml)  (Sigma, 
St.  Louis,  Missouri)  for  24 
hours.  The  medium  was 
replaced,  and  the  cells 
were  incubated  for  an  ad¬ 
ditional  24  hours  before 
collection  for  luciferase 


Telomeric  internal 


assays.  Note  the  switch  to  a  logarithmic  scale,  rlu,  relative  light  units. 
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telomeric  DNA  (1 7).  It  is  possible  that  the  extra 
telomeric  sequences  in  ALT  cells  are  titrating 
out  factors  essential  for  TPE,  as  has  been  ob¬ 
served  in  yeast  (18),  so  that  ALT  cells  might 
not  exhibit  TPE.  Another  report  may  have 
failed  to  identify  TPE,  because  the  healed  telo¬ 
mere  appears  to  have  been  extremely  short 
and/or  because  it  was  located  >50  kb  from  the 


Fig.  3.  Silencing  in  telomeric 
clones  is  enhanced  by  an  increase 
in  telomere  length.  (A)  Infection  of 
HeLa  cells  with  an  hTERT-encoding 
retrovirus  causes  telomere  elonga¬ 
tion,  as  demonstrated  by  terminal 
restriction  fragment  analysis. 
Mean  telomere  length  increased 
from  approximately  5  kb  to  almost 
14  kb.  Genomic  DNA  was  digested 
with  six  restriction  enzymes  to  de¬ 
grade  nonrepetitive  sequences. 
Samples  were  then  separated  on  a 
0.7%  agarose  gel  ahd  probed  with 
an  oligonucleotide  complementa¬ 
ry  to  telomere  repeats.  Markers 
shown  are  \  Sty  (in  kilobases).  (B) 
Telomeric  clones  infected  with 
hTERT  express  2  to  10  times  lower 
levels  of  luciferase  activity  as  com¬ 
pared  to  control,  vector-only  in¬ 
fections.  Internal  clones  having 
comparable  initial  values  retain 
full  expression  of  the  luciferase  re¬ 
porter  after  infection  with  hTERT. 
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nearest  gene  that  could  be  examined  (9).  In  at 
least  one  case,  data  consistent  with  a  very  mild 
mammalian  TPE  have  been  described  (19),  and 
the  insertion  of  telomere  repeats  into  an  intron 
of  the  APRT  gene  of  Chinese  hamster  cells  was 
shown  to  cause  a  twofold  reduction  in  the 
mRNA  level  (20). 

A  number  of  proteins  have  been  reported 
to  change  in  expression  level  as  a  function  of 
the  replicative  age  of  the  cell  (21,  22).  The 
existence  of  TPE  in  mammalian  cells  raises 
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the  possibility  that  some  presenescent  chang¬ 
es  could  be  “programmed”  by  the  progressive 
shortening  of  telomeres  with  ongoing  cell 
division,  leading  to  altered  patterns  of  gene 
expression  that  might  affect  both  cell  and 
organ  function.  It  will  be  important  to  iden¬ 
tify  endogenous  genes  whose  expression  is 
influenced  by  telomere  length  in  order  to 
determine  whether  TPE  actually  influences 
the  physiology  of  aging  or  cancer. 


Epigenetic  silenced  alleles  of  the  Arabidopsis  SUPERMAN  locus  (the  dark  kent 
alleles)  are  associated  with  dense  hypermethylation  at  noncanonical  cytosines 
(CpXpG  and  asymmetric  sites,  where  X  =  A,  T,  C,  or  G).  A  genetic  screen  for 
suppressors  of  a  hypermethylated  dark  kent  mutant  identified  nine  loss-of- 
function  alleles  of  CHROMOMETHYLASE3  (CMT3),  a  novel  cytosine  methyl- 
transferase  homolog.  These  cmt3  mutants  display  a  wild-type  morphology  but 
exhibit  decreased  CpXpG  methylation  of  the  SUP  gene  and  of  other  sequences 
throughout  the  genome.  They  also  show  reactivated  expression  of  endogenous 
retrotransposon  sequences.  These  results  show  that  a  non-CpG  DNA  methyl- 
transferase  is  responsible  for  maintaining  epigenetic  gene  silencing. 
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Cytosine  methylation  plays  a  major  role  in 
determining  the  epigenetic  expression  state  of 
eukaryotic  genes.  This  methylation  is  most 
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often  found  at  the  symmetrical  dinucleotide 
CG  (or  CpG  sites).  CpG  methylation  is  main¬ 
tained  by  the  well-studied  DNMT1  subfamily 
of  methyltransferases,  which  includes  Arabi¬ 
dopsis  MET1  (1-3).  Methylation  at  sites  oth¬ 
er  than  CpG  is  also  found  in  many  organisms 
(4),  but  the  mechanism  by  which  this  meth¬ 
ylation  is  maintained  is  poorly  understood. 
Arabidopsis  can  tolerate  major  disruptions  in 
DNA  methylation  (2,  3,  5),  making  it  useful 
for  genetic  analysis  of  methylation  pattem- 
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Supplemental  Figure  1.  Generation  of  clones  containing  telomeric  Manager 

luciferase  reporters.  A  plasmid  containing  a  1 .6-kb  tract  of  telomere  repeats  adjacent  to  a  luciferase 
reporter  was  linearized  using  Not  I  and  transfected  into  HeLa  cells  (1-4).  Clones  were  recovered  in  which 
integration  of  the  plasmid  had  caused  the  truncation  of  a  chromosome  and  subsequent  extension  of  the 
plasmid  sequences  to  form  a  new  telomere.  (TetO)7  represents  seven  tet  operator  sites  fused  to  create  a 


bidirectional  tetracycline-responsive  promoter.  The  indicated  Stu  I  sites  were  used  to  analyze  chromosomal 
insertion  sites.  The  plasmid  was  designed  to  have  a  tet-inducible  promoter  driving  both  the  puromycin 
selectable  marker  and  a  luciferase  reporter.  This  would  permit  drug  selection  in  the  presence  of  a  strong 
(induced)  promoter,  followed  by  growth  and  establishment  of  potential  TPE  under  noninduced  (weak 
promoter)  conditions.  The  results  shown  in  Web  Fig.  2A  were  obtained  after  continuous  growth  under 
induced  conditions.  No  significant  change  in  the  dose  response  or  magnitude  of  the  TPE  was  observed 
after  selected  telomeric  and  internal  clones  were  cultured  for  1  month  in  the  presence  of  the  tetracycline 
analog  doxycycline  (uninduced)  and  then  tested  for  luciferase  activity  under  graded  levels  of  induction. 

We  thus  did  not  find  any  evidence  for  an  influence  of  promoter  strength  on  TPE  in  human  cells  within  the 
range  of  our  tet-off  system,  in  contrast  to  yeast  TPE  which  is  abolished  in  the  presence  of  a  strong 
promoter  (5,  6).  The  remainder  of  the  experiments  were  therefore  carried  out  under  doxycycline-free  (fully 
induced)  conditions. 
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Supplemental  Figure  2.  Characterization  of  transgene  integrations.  (A)  Additional  clones  were  analyzed 
as  described  in  Web  Fig.  1.  From  left  to  right,  they  are  a  clone  with  both  a  telomeric  and  an  internal 
integration,  a  clone  with  a  single  internal  integration,  and  a  clone  with  two  internal  integrations.  Genomic 
DNA  was  digested  with  Stu  I,  leaving  the  luciferase  gene  attached  to  the  plasmid  telomere  sequences  (Web 
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Fig.  1).  Telomeres  were  then  separated  from  bulk  genomic  DNA  by  first  annealing  a  biotinylated 
(CCCTAA)6  oligonucleotide  to  the  single-stranded  overhang  and  then  retrieving  the  telomeres  using 

streptavidin  beads  as  has  been  described  previously  (7).  Both  the  telomere  and  supernatant  (bulk  genomic 
DNA)  fractions  were  analyzed  by  Southern  blotting.  The  fact  that  the  signal  seen  in  the  telomere  fraction 
for  the  first  clone  appears  as  a  smear  provides  additional  confirmation  that  the  clone  is  telomeric,  because 
the  attached  telomere  sequences  are  heterogenous  in  length.  (B)  Multiple  bands  appear  in  some  clones. 
Genomic  DNA  was  digested  using  Stu  I  and  analyzed  by  Southern  blotting  without  prior  separation  of 
telomeres.  Four  telomeric  clones  with  no  internal  sites  (lanes  1, 5, 6,  and  7),  a  single  internal  integration 
site  (lane  4),  two  internal  integration  sites  (lane  3),  and  three  internal  integration  sites  (lane  2)  are  shown. 
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Abstract  Subtelomeric  reporter  genes  in  human  cells  are 
silenced  in  a  telomere  length-dependent  manner.  Here  we 
show  that  a  subtelomeric  reporter  gene  is  expressed  in 
only  a  subpopulation  of  cells  within  a  clone  and  that  this 
heterogeneity  is  generated  by  switching  between  expres¬ 
sion  states.  We  observed  frequent  reversion  from  the 
silenced  state  back  to  active  expression.  This  process  was 
more  prominent  for  subtelomeric  transgenes;  however,  we 
also  observed  cases  of  spontaneous  reversion  in  control 
clones  bearing  the  reporter  at  an  internal  site.  We 
additionally  show  that  treatment  of  these  cells  with  5- 
bromodeoxyuridine  results  in  strong  activation  of  the 
transgene.  Although  similar  findings  have  been  reported 
previously  in  mouse  cells,  this  is,  to  our  knowledge,  the 
first  direct  observation  of  ongoing  fluctuations  in  tran¬ 
scription  in  clonal  populations  of  human  cells.  Our  results 
suggest  that  this  mechanism,  as  opposed  to  progressive 
silencing  or  a  delayed  fixing  of  expression  states, 
accounts  for  the  variegation  in  expression  observed  for 
subtelomeric  transgenes  in  human  cells.  These  data  imply 
that  telomere  shortening  during  human  aging  could  lead 
to  stochastic  activation  of  subtelomeric  genes. 

Abbreviations  BrdU:  5-Bromodeoxyuridine  • 

CMV:  Cytomegalovirus  •  DsRedl:  Discosoma  sp.  red 
fluorescent  protein  •  FACS:  Fluorescence  activated  cell 
sorting  •  hTERT:  Human  telomerase  reverse 
transcriptase  •  hTPE:  Human  telomere  position  effect  • 
IRES:  Internal  ribosome  entry  site  •  TPE:  Telomere 
position  effect  •  TRF:  Terminal  restriction  fragment 
(analysis)  •  TSA:  Trichostatin  A 
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Introduction 

Silencing  near  telomeres,  termed  telomere  position 
effect  (TPE),  was  first  observed  in  Drosophila  (Hazelrigg 
et  al.  1984)  and  has  since  been  studied  extensively  in 
Saccharomyces  cerevisiae  and  other  lower  organisms 
(Gottschling  et  al.  1990;  Tham  and  Zakian  2002).  It  is 
characterized  by  the  semi-stable  repression  of  subtelom¬ 
eric  reporter  genes  in  a  manner  that  is  proportional  to  both 
the  length  of  the  telomere  tract  (Kyrion  et  al.  1993)  and 
the  proximity  of  the  reporter  to  the  telomere  (Renauld  et 
al.  1993).  Telomere  position  effect  was  recently  reported 
to  affect  an  endogenous  S.  cerevisiae  gene  of  unknown 
function  (Vega-Palas  et  al.  2000).  Although  the  involve¬ 
ment  of  telomeric  silencing  has  been  suggested  in  the 
regulation  of  surface  antigen  expression  for  several 
parasites  (Horn  and  Cross  1995;  Tham  and  Zakian 
2002),  a  biologically  relevant  role  for  TPE  has  yet  to  be 
demonstrated. 

One  of  the  hallmarks  of  TPE  in  yeast  is  the  sponta¬ 
neous  switching  of  a  telomeric  gene  from  an  active  to  a 
silent  state  and  vice  versa.  Our  initial  studies  using  a 
luciferase  reporter  to  demonstrate  silencing  near  human 
telomeres  (human  telomere  position  effect,  or  hTPE) 
(Baur  et  al.  2001)  did  not  allow  analysis  at  the  single-cell 
level.  We  and  others  (Koering  et  al.  2002)  have  now 
confirmed  the  existence  of  human  hTPE  using  fluorescent 
reporter  genes  in  order  to  detect  single  cells.  While  the 
fraction  of  expressing  cells  varies  widely  in  internal 
control  clones,  cell  lines  bearing  a  telomeric  reporter 
consistently  show  expression  in  only  a  few  percent  of  the 
cells.  Such  a  pattern  could  conceivably  be  generated  by 
several  mechanisms,  including  slow  progressive  silenc¬ 
ing,  fixing  of  expression  states  at  some  point  after  the  first 
few  divisions  (for  example  the  chromatin  structure  at  the 
integration  site  might  take  time  to  stabilize),  or  stochastic 
switching  between  expression  states.  While  progressive 
silencing  has  been  observed  for  transgenes  in  mammalian 
cells  (Walters  et  al.  1996),  available  data  on  transgene 
expression  at  yeast  telomeres  (Gottschling  et  al.  1990) 
and  at  other  variegating  loci  within  mammalian  cells 
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(Feng  et  al.  1999;  Ronai  et  al.  1999)  favor  the  third 
hypothesis.  In  the  only  published  report  examining  TPE 
in  human  cells  at  the  single-cell  level,  however,  switching 
between  expression  states  was  not  detected  (Koering  et  al. 
2002),  raising  the  possibility  that  variegation  in  these  cells 
is  generated  through  one  of  the  other  two  mechanisms. 
Here  we  show  that  in  HeLa  cells  spontaneous  reactivation 
of  the  transgene  can  be  detected  in  initially  negative 
subclones,  demonstrating  that  heterogeneity  is  in  fact 
generated  through  an  ongoing  stochastic  process  of 
switching  between  expression  states. 


Materials  and  methods 

Generation  of  clones 

The  construction  of  luciferase-expressing  clones  has  been  described 
previously  (Baur  et  al.  2001).  To  generate  DsRed-expressing 
clones,  the  AjTSUBfrl  fragment  (containing  the  gene  encoding  the 
DsRedl  protein)  from  pDsRedl-Nl  (Clontech,  Palo  Alto,  Calif.) 
was  blunt  ligated  into  the  Small Hpal  backbone  from  pSX- 
neol.6T2AG3  (Hanish  et  al.  1994)  such  that  the  Cytomegalovirus 
(CMV)  promoter  was  placed  at  the  base  of  the  telomere  repeats. 
Next,  a  blunted  fragment  containing  an  internal  ribosome  entry  site 
(IRES)  and  the  blasticidin  resistance  gene  was  ligated  into  the  Hpal 
site  in  the  same  orientation  as  the  DsRedl  protein.  When  DsRed2 
became  available,  the  new  coding  region  was  inserted  by  ex¬ 
changing  the  DsRed  fragment  defined  by  SaWNotl  (this  required  a 
partial  digest  with  Not!)  and  the  resulting  vector  was  designated 
pSXD2.  The  control  vector  lacking  repeats  was  generated  by  blunt 
ligation  after  excision  of  the  ClaUSacU  fragment.  Vectors  were 
linearized  with  ClaVPvul  (with  repeats)  or  Pvul  alone  (without 
repeats)  and  transfected  into  HeLa  cells  using  FuGENE  6 
transfection  reagent  (Roche,  Basel,  Switzerland)  according  to  the 
manufacturer’s  instructions.  Stable  clones  were  obtained  by  ring¬ 
cloning  after  selection  in  1  pgfvcA  blasticidin  for  1  week.  Individual 
clones  were  isolated  by  placing  a  glass  ring  over  them  (sealed  with 
vacuum  grease)  and  transferred  to  separate  dishes  by  standard 
trypsinization  methods. 


Analysis  of  clones 

Cells  were  observed  primarily  on  a  Zeiss  Axiovert  100M  inverted 
microscope  attached  to  a  Macintosh  G4  computer  using  Openlab 
imaging  software.  Scanning  was  performed  on  a  FACScan  (Becton 
Dickinson,  San  Jose,  Calif.). 


Initial  subcloning 

Cells  were  plated  on  several  10  cm  dishes  at  a  density  of  300  cells/ 
dish.  The  next  day,  well-isolated  subclones  were  selected  and 
photographed.  Bright-field  and  fluorescent  images  were  collected 
at  regular  intervals  in  order  to  follow  changes  in  the  expression 
pattern  as  each  clone  grew. 


Subcloning  into  96-well  plates 

Single  cells  were  sorted  into  each  well  of  a  96-well  plate  using  a 
MoFlo  high-speed  cell  sorter  (Cytomation,  Fort  Collins,  Colo.)  and 
a  FACStar  Plus  (Becton  Dickinson,  San  Jose,  Calif.).  Sorting  into 
96-well  plates  was  an  automated  feature  of  the  cell  sorters.  Medium 
(100  p\)  was  placed  in  each  well  prior  to  sorting  and  cells  were 
selected  by  size  only  (to  avoid  fragments  and  doublets).  Wells 
containing  cells  were  identified  by  microscopy  the  following  day 
(2-4  cell  stage)  and  the  remainder  of  each  well  was  checked 


carefully  to  ensure  that  no  other  cells  were  present.  Cells  were 
observed  every  2-3  days  thereafter  for  at  least  3  weeks. 


Retroviral  infections 

The  amphotrophic  retroviral  packaging  cell  line  PA317  (Miller 
1990)  was  infected  using  supernatants  from  PE501  cells  that  had 
been  transiently  transfected  with  retroviral  plasmid  DNA.  Follow¬ 
ing  selection,  supernatants  were  harvested  from  PA317  cells, 
purified  by  passage  through  a  0.45  pm  sterile  filter,  and  stored  at 
-80°C  for  later  use.  Infection  of  target  cells  was  carried  out  by 
8-16  h  exposure  to  supernatant  diluted  1:2  in  regular  medium  with 
4  pg/ml  (final)  polybrene  (Sigma,  St.  Louis,  Mo.).  Cells  were  then 
allowed  to  recover  for  12-24  h  before  selection. 


Terminal  restriction  fragment  (TRF)  analysis 

Cells  were  suspended  in  100  mM  NaCl,  100  mM  EDTA,  and 
10  mM  TRIS,  pH  8  at  20,000  cells Ipl.  Genomic  DNA  was  extracted 
by  bringing  the  final  concentrations  of  Triton  X-100  and  proteinase 
K  up  to  1%  and  2  mg/ml,  respectively,  and  incubating  for  12  h  at 
55°C,  followed  by  inactivation  of  proteinase  K  at  70°C  for  30  min. 
Samples  were  then  dialyzed  overnight  against  TE,  pH  8.  After 
dialysis,  1  pg  DNA  was  digested  with  a  mixture  of  six  restriction 
enzymes  (Alul,  Cfol,  Hael,  Hinfl ,  Mspl,  and  Rsal)  with  4  bp  target 
sites  and  run  on  a  0.7%  agarose  gel  overnight  at  70  V.  The  gel  was 
denatured  for  20  min  in  0.5  M  NaOH  and  1.5  M  NaCl,  rinsed 
10  min  in  water,  dried  1  h  at  55°C,  neutralized  for  15  min  in  1.5  M 
NaCl  and  0.5  M  TRIS,  pH  8,  and  probed  with  32P-labeled 
(T2AG3)4.  After  washing  in  2xSSC  for  15  min  and  O.lxSSC  with 
0.1%  SDS  twice  for  10  min,  the  gel  was  exposed  to  a  Phosphor 
screen  and  analyzed  using  a  Storm  860  Phosphorlmager  (Molecular 
Dynamics/Amersham,  Piscataway,  N.J.). 


5-Bromodeoxyuridine  treatment 

Cells  were  treated  with  50  pM  5-bromodeoxyuridine  (BrdU)  for 
2-5  days  in  regular  medium.  A  small  decrease  in  growth  rate  was 
noted;  however,  toxicity  was  dramatically  reduced  as  compared 
with  trichostatki  A  (TSA)  treatment. 


Results 

In  order  to  detect  switching  in  human  cells,  we  used  a 
linearized  plasmid  containing  telomere  repeats  (Hanish  et 
al.  1994)  to  construct  a  series  of  clones  bearing  the 
fluorescent  reporter  DsRed2  either  next  to  a  newly  formed 
telomere,  or  randomly  integrated  into  the  genome 
(Fig.  1  A).  Clones  were  verified  by  Southern  blot  hybrid¬ 
ization  and  those  containing  multiple  copies  of  the 
DsRed2  construct  were  discarded.  While  the  number  of 
cells  expressing  the  reporter  varied  from  0  to  nearly  100% 
in  our  internal  controls  (random  integration),  all  of  the 
telomeric  clones  recovered  in  our  initial  experiment 
expressed  the  DsRed2  protein  in  only  a  few  percent  of 
the  cells  (Fig.  1C),  consistent  with  the  findings  of  Koering 
et  al,  (2002).  The  fact  that  expression  near  human 
telomeres  can  be  increased  by  the  histone  deacetylase 
inhibitor  TSA  (Baur  et  al.  2001;  Koering  et  al.  2002),  but 
not  by  the  demethylating  agent  5-azacytidine  (Koering  et 
al.  2002),  suggests  that  a  methylation-independent  pro¬ 
cess  causes  the  majority  of  the  silencing  in  these  cells. 
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Fig.  1  A,  B  Structure  of  the  constructs  used  in  the  generation  of 
clones.  Both  vectors  were  transfected  into  HeLa  cells  in  linear  form 
using  FuGENE  6  transfection  reagent  (Roche,  Basel,  Switzerland). 
In  the  chromosome  truncation  vector  (A),  the  CMV  promoter  was 
located  approximately  80  nucleotides  from  the  base  of  the  T2AG3 
repeats.  The  fluorescent  protein  DsRed2  was  transcribed  away  from 
the  telomere  and  an  internal  ribosome  entry  site  ( IRES)  was  used  to 


allow  expression  of  the  blasticidin  resistance  gene  (Blast)  from  the 
same  transcript.  Transcription  was  terminated  using  the  SV40 
polyadenylation  signal  (SV40  Poly  A).  In  the  vector  used  to 
generate  internal  (control)  integrations  (B),  the  T2AG3  repeats  were 
replaced  with  an  additional  1  kb  of  plasmid  sequences.  C  Bright 
field  and  fluorescent  images  of  a  representative  clone  bearing  a 
telomeric  DsRed2  reporter 


24  hours  48  hours  72  hours  96  hours  7  days 


Fig.  2 A,  B  Development  of  heterogeneity  within  subclones  bearing  cells  initially  express  a  uniform  level  of  the  DsRed2  protein  (24  and 
a  telomeric  reporter.  Paired  bright  field  and  fluorescent  images  are  48  h  time  points),  significant  differences  become  apparent  by  72  h 
shown  for  two  different  subclones  at  five  time  points.  While  all  (B)  or  96  h  (A),  and  both  show  obvious  heterogeneity  by  1  week 
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Fig.  3A-D  Spontaneous  reversal  of  silencing  in  cells  bearing  a 
telomeric  reporter  gene.  Each  row  represents  a  different  subclone 
derived  from  a  single  parental  clone  in  which  the  gene  for  DsRed2 
fluorescent  protein  had  been  placed  next  to  a  newly  formed 
telomere.  Subclones  were  initially  negative  (A-C)  or  very  weak 
(D)  for  DsRed2  expression  but  by  3  weeks  after  subcloning  most 


had  developed  sporadic  expression  in  a  small  fraction  of  cells, 
resembling  the  pattern  of  expression  in  the  parental  cell  line. 
Arrows  indicate  the  positions  of  cells  in  the  original  bright  field 
images.  Arrowheads  indicate  weakly  positive  cells  in  the  fluores¬ 
cent  image  of  subclone  D 


A  previous  attempt  to  demonstrate  switching  in  human 
cells  using  fluorescent  activated  cell  (FAC)  sorted 
populations  was  not  successful  (Koering  et  al.  2002). 
Because  FAC  sorting  cannot  produce  a  100%  pure 
population  of  positive  or  negative  cells,  we  chose  to 
examine  the  progeny  of  single  positive  or  negative  cells 
by  florescence  microscopy.  The  presence  of  cells  of 
opposite  phenotype  in  a  growing  subclone  would  clearly 
indicate  that  a  switching  event  had  occurred.  We 
subcloned  cells  bearing  a  single  telomeric  insertion  of 
the  DsRed2  construct  and  followed  their  growth  and 
expression  of  the  transgene  (Fig.  2).  In  each  case,  cells 
that  were  initially  positive  gave  rise  to  mixed  populations 
within  one  week.  Positive  cells  arising  from  initially 
negative  cells  were  observed  only  rarely  during  this  first 
experiment  and  the  possibility  that  these  rare  cells  were 


the  result  of  contamination  by  floating  cells  could  not  be 
ruled  out. 

To  demonstrate  more  clearly  spontaneous  reactivation 
of  the  transgene,  we  subcloned  the  progeny  of  a  single 
cell  into  96-well  plates  to  eliminate  the  possibility  of 
cross-contamination  by  floating  cells.  Growth  of  each 
subclone  was  then  followed  by  fluorescence  microscopy 
for  an  extended  period  of  time.  Each  subclone  was  first 
observed  at  the  1-  to  4-cell  stage  and  was  grown  for 
approximately  20  population  doublings.  In  18  of  19 
subclones  that  were  initially  negative,  DsRed2-expressing 
cells  were  detected  within  1  to  2  weeks  (Fig.  3A-C),  with 
1 1  of  the  subclones  becoming  similar  in  appearance  to  the 
parent  clone  by  week  3.  Subclones  that  were  initially 
weakly  positive  gave  both  strongly  positive  and  com¬ 
pletely  negative  cells  within  1  to  2  weeks  (Fig.  3D).  Our 
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Fig.  4A-D  Elongation  of  telomeres  by  hTERT  overexpression 
decreases  expression  of  DsRed2  in  telomeric  clones.  Clones  were 
infected  with  an  empty  vector  (pBabe)  or  a  retrovirus  encoding  the 
telomerase  catalytic  component  (hTERT).  Fluorescence-activated 
cell  sorting  (FACS)  analysis  is  shown  for  a  cell  line  bearing  a 
telomeric  DsRed2  reporter  before  telomere  elongation  (A)  or  after 
telomere  elongation  (B).  FACS  analysis  of  the  parental  cell  line, 


which  does  not  express  DsRed2,  is  shown  in  C,  and  the  three 
histograms  are  overlaid  in  D.  E  Terminal  restriction  fragment 
(TRF)  analysis  of  the  clones  with  long  (L)  and  short  (5)  telomeres. 
Genomic  DNA  was  digested  with  a  mixture  of  six  restriction 
enzymes,  separated  on  a  0.7%  agarose  gel,  and  probed  with  an 
oligonucleotide  complementary  to  telomere  repeats.  Markers 
shown  are  X  Sty  fragments  (in  kilobases) 


data  suggest  that  TPE  in  these  cells  resembles  the 
variegation  observed  at  yeast  telomeres  (Gottschling  et 
al.  1990)  and  in  the  cells  of  transgenic  mice  (Rakyan  et  al. 
2002),  where  all-or-none  patterns  of  switching  predom¬ 
inate  over  gradual  changes  in  gene  expression  (Robertson 
et  al.  1995;  Ronai  et  al.  1999).  The  fact  that  Koering  et  al. 
(2002)  did  not  observe  fluctuations  in  expression  at 
human  telomeres  likely  indicates  that  cell  type,  the  site  of 
chromosome  truncation,  and/or  the  direction  of  transcrip¬ 
tion  can  influence  the  rate  of  switching. 

We  previously  demonstrated,  using  a  luciferase  re¬ 
porter,  that  telomere  elongation  enhances  the  silencing  of 
telomeric  transgenes  (Baur  et  al.  2001).  Elongation  of 
telomeres  in  cells  bearing  a  telomeric  DsRed2  reporter 
also  leads  to  a  reduction  in  transgene  expression  (Fig.  4). 
The  reduction  in  reporter  expression  is  manifested 
primarily  as  a  decrease  in  the  fraction  of  positive  cells, 
as  opposed  to  intensity  per  cell,  consistent  with  previous 
reports  in  human  cells  (Walters  et  al.  1995,  1996).  This 
suggests  that  telomere  elongation  enhances  silencing 
through  effects  on  the  heritability  of  the  two  states,  as 
opposed  to  reducing  the  level  of  expression  in  the  active 
state. 

5-Bromodeoxyuridine  has  been  shown  to  suppress 
position-effect  variegation  at  internal  loci  in  HeLa  cells 
by  a  mechanism  that  remains  poorly  understood  (Suzuki 


et  al.  2001).  Treating  clones  bearing  a  telomeric  reporter 
gene  with  BrdU  resulted  in  a  loss  of  variegation  and  an 
enhancement  of  transgene  expression.  Relief  of  silencing 
for  a  telomeric  DsRed2  reporter  was  observed  after  a  72  h 
incubation  in  medium  containing  50  fiM  BrdU  (Fig.  5A). 
Silencing  was  also  relieved  in  low-expressing  internal 
controls  and  in  cells  bearing  a  luciferase  reporter  at  the 
telomere  (Fig.  5B).  It  has  previously  been  reported  that 
silencing  near  telomeres  can  be  relieved  using  the  histone 
deacetylase  inhibitor  TSA  (Baur  et  al.  2001;  Koering  et 
al.  2002);  however,  BrdU  may  be  a  preferable  alternative 
in  the  future  since  it  is  significantly  less  toxic  at  the 
effective  dose  (data  not  shown).  The  fact  that  BrdU 
suppresses  position-effect  variegation  of  transgenes  at 
both  internal  and  telomeric  loci  suggests  a  common 
mechanism  of  repression. 

As  early  as  1972,  Lin  and  Riggs  were  able  to  show  that 
incorporation  of  BrdU  into  DNA  increases  the  binding 
affinities  of  certain  proteins,  including  histone  HI  (Lin 
and  Riggs  1972;  Lin  et  al.  1976).  Since  histone  HI  binds 
to  AT-rich  regions  of  DNA  that  mediate  scaffold/matrix 
attachment  and  are  known  to  have  dramatic  effects  on 
neighboring  promoters  (Blasquez  et  al.  1989;  Stief  et  al. 
1989;  Klehr  et  al.  1991),  it  was  hypothesized  that  BrdU 
might  affect  binding  of  DNA  to  the  nuclear  matrix 
(Suzuki  et  al.  2001).  Indeed,  BrdU  has  recently  been 
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Fig.  5  Loss  of  telomeric  silencing  in  the  presence  of  5-bromode- 
oxyuridine  ( BrdU ).  Cells  bearing  a  telomeric  reporter  were  grown 
in  regular  medium  ( Control)  or  medium  supplemented  with  50  jig! 
ml  BrdU  for  72  h  before  analysis.  A  Expression  of  DsRed2  was 
dramatically  upregulated  in  the  presence  of  BrdU  and  toxicity  was 
minimal  compared  with  that  observed  when  the  cells  were  treated 
with  trichostatin  A  (TSA).  As  with  TSA  (Baur  et  al.  2001),  BrdU 
also  affected  silencing  in  low-expressing  internal  control  clones 


(data  not  shown).  B  Silencing  of  a  luciferase  reporter  was  relieved 
after  BrdU  treatment  in  both  telomeric  and  internal  clones. 
Representative  data  are  presented  showing  that  expression  after 
treatment  is  higher  and  more  uniform  between  clones.  Occasional 
resistant  clones  were  noted  among  the  internal  controls  (middle) 
and  may  represent  cases  in  which  methylation  or  rearrangement  of 
the  gene  has  occurred 


shown  to  enhance  binding  of  scaffold/matrix  attachment 
regions  to  the  nuclear  matrix,  and,  moreover,  the  effects 
of  BrdU  are  potentiated  by  competitive  inhibitors  of 
histone  HI  binding  (Suzuki  et  al.  2001;  Ogino  et  al.  2002) 
.  These  findings  are  especially  intriguing  in  the  light  of 
the  fact  that  human  telomeres  are  attached  to  the  nuclear 
matrix  via  their  TTAGGG  repeats  (de  Lange  1992). 
Elucidation  of  the  role  played  by  the  nuclear  matrix  in 
hTPE  will  be  an  interesting  area  for  future  studies. 


Discussion 

We  have  shown  in  human  cells  that  a  clonal  population 
derived  from  a  cell  bearing  a  telomeric  reporter  gene  can 
acquire  a  variegated  phenotype  through  a  stochastic 
process  of  switching  between  expression  states.  Taken 
together  with  previous  studies  of  transgene  expression  in 
mammalian  cells  (Walters  et  al.  1995,  1996;  Dorer  1997; 
Feng  et  al.  1999;  Ronai  et  al.  1999),  our  data  suggest  that 
many  repressive  loci  within  the  human  genome  may  be 
similar  in  this  respect.  The  fact  that  expression  at  both 
telomeric  and  internal  loci  is  enhanced  by  treatment  with 
either  TSA  or  BrdU  is  also  suggestive  of  a  common 
silencing  mechanism. 

At  present,  TPE  is  distinguished  from  other  repressive 
effects  in  human  cells  only  by  its  dependence  on  telomere 
length  and  its  relative  strength  (tenfold  lower  expression 
on  average  relative  to  internal  loci)  (Baur  et  al.  2001).  We 
observed  100%  penetrance  of  variegation  within  the  first 
2  weeks  of  clonal  growth  in  telomeric  clones  as  opposed 
to  -50%  in  internal  controls  (our  unpublished  results), 
although  at  later  time  points  many  of  the  internal  controls 
that  were  initially  uniform  in  expression  did  become  more 
heterogeneous.  Some  suggestive  evidence  has  been 
presented  that  heterochromatin  protein  1  (HP1)  may  be 


specifically  involved  in  telomeric  silencing  (Koering  et  al. 
2002).  Overexpression  of  HP1  was  previously  shown  to 
enhance  variegation  at  centromeric  loci  while  suppressing 
variegation  at  non-centromeric  loci  (Festenstein  et  al. 
1999).  This  suggests  that  variegation  may  occur  by  at 
least  two  distinct  mechanisms  in  mammalian  cells  despite 
the  similar  outward  appearances  of  various  mammalian 
position  effects.  It  will  be  interesting  in  the  future  to  see 
whether  or  not  a  specific  set  of  proteins  is  involved  in 
telomeric  silencing. 

A  change  in  the  expression  of  endogenous  human 
genes  regulated  by  telomere  length  has  not  yet  been 
demonstrated.  The  present  results  suggest  that  if  such 
regulation  occurs,  it  will  likely  be  manifested  primarily  by 
an  “all-or-none”  change  in  expression  in  a  small  fraction 
of  cells  rather  than  a  quantitative  increase  in  expression 
per  cell.  However,  detailed  studies  in  yeast  have  revealed 
regulatory  elements  at  endogenous  telomeres  that  produce 
marked  differences  in  transgene  behavior  as  compared 
with  truncated  chromosome  ends  (Fourel  et  al.  1999; 
Pryde  and  Louis  1999).  Whether  or  not  endogenous 
human  telomeres  possess  elements  that  might  alter  or 
block  TPE  remains  to  be  seen. 

It  has  been  suggested  that  the  high  frequency  of 
duplications  and  rearrangements  in  subtelomeric  regions 
may  facilitate  “rapid  adaptive  evolution”  (Mefford  and 
Trask  2002).  This  hypothesis  is  supported  by  the  finding 
that  a  block  of  subtelomeric  sequence  containing  three 
olfactory  receptor  genes  is  duplicated  polymorphically  on 
at  least  14  different  chromosome  ends  in  humans  but  is 
single  copy  in  non-human  primates  (Trask  et  al.  1998). 
Telomere  position  effect  may  contribute  to  this  process 
through  silencing  of  subtelomeric  genes  and  the  produc¬ 
tion  of  a  variegated  phenotype,  allowing  the  majority  of 
cells  to  progress  through  potentially  harmful  genetic 
intermediates  while  continuously  sampling  the  products 
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of  rearranged  genes.  A  similar  role  has  been  proposed  for 
prion  proteins  in  the  generation  of  genetic  diversity  (True 
and  Lindquist  2000).  Collapse  of  the  silent  domains  near 
human  telomeres  (i.e.  loss  of  silencing  due  to  telomere 
shortening)  might  be  predicted  to  trigger  inappropriate 
expression  of  a  host  of  rearranged  subtelomeric  genes  as 
part  of  the  aging  process.  It  is  also  possible  that  the 
telomere  shortening  accompanying  cell  division  might 
provide  a  method  for  timing  changes  that  occur  over 
many  years  in  long-lived  organisms.  It  is  difficult  to 
imagine  how  conventional  timing  mechanisms  (biochem¬ 
ical  oscillations,  lunar  cycles  of  changes,  changing 
gradients  during  early  development)  could  be  adapted  to 
count  decades.  Telomere  position  effect-regulated  chang¬ 
es  in  gene  expression  produced  by  slow  but  ongoing  cell 
turnover  could  provide  such  a  mechanism.  Clearly  further 
study  is  required  to  elucidate  the  role  (if  any)  of  TPE  in 
human  gene  regulation,  aging,  and  disease. 
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A  central  unexplained  aspect  of  the  two-stage  (M1/M2)  model  of  replicative  aging  is  the 
mechanism  by  which  cells  deal  with  the  shortest  telomeres  during  their  extended  lifespan.  If 
telomeres  are  sufficiently  short  to  induce  a  DNA  damage  response  at  Ml,  why  are  apoptotic 
responses  delayed  for  many  doublings  until  M2?  We  initially  considered  two  possibilities.  In  the 
presence  of  viral  oncoproteins,  a  cell  might  tolerate  a  few  chromosome  fusions  and  become 
aneuploid.  In  this  situation,  M2  would  only  occur  when  the  number  of  chromosomes  with 
unprotected  ends  became  sufficiently  great  to  induce  apoptosis.  A  second  possibility  is  that  gene 
conversion  events  might  permit  short  telomeres  to  invade  longer  telomeres  and  become 
extended.  M2  would  occur  when  the  longest  telomeres  became  too  short  to  be  effective  donors. 
Both  of  these  hypotheses  predict  that  the  number  of  doublings  between  Ml  and  M2  should  be 
reduced  in  cells  with  a  more  homogeneous  telomere  length  (which  can  be  induced  by  the 
transient  expression  of  telomerase  that  preferentially  elongates  the  shortest  telomeres).  Contrary 
to  expectations,  the  same  approximately  15  doubling  extension  of  lifespan  was  observed  in  BJ- 

E6/E7  cells  and  BJ-E6/E7  cells  following  the  transient  expression  of  telomerase. 

Karyotype  and  telomeric  Q-fish  analysis  was  performed  on  the  HPV  E6/E7cells  in  order  to 
determine  how  the  cells  handled  ‘too  short  telomeres”  during  the  period  of  extended  lifespan.  • 
The  population  doubling  level  at  which  Ml  would  have  occurred  in  the  absence  of  E6/E7 
coincided  with  the  appearance  of  telomeric  end-associations.  90%  of  the  end-associations 
involved  the  ten  shortest  telomeres,  with  the  frequency  of  abnormalities  being  uniformly 
distributed  among  these  ten.  This  implies  that  rather  than  having  a  single  limiting  chromosome, 
BJ  cells  use  roughly  1 0%  of  their  ends  to  monitor  telomere  length.  The  fact  that  short  ends 
preferentially  formed  end-associations  with  other  short  ends  either  implies  that  a  cell  can  tolerate 
an  unprotected  end  until  a  second  end  with  which  it  can  associate  becomes  unprotected,  or  that 
the  protection  of  short  ends  is  metastable,  so  that  a  too-short  end  needing  a  fusion  partner  would 
preferentially  destabilize  another  short  end.  The  appearance  of  telomere  associations  did  not 
produce  significant  aneuploidy  in  these  E6/E7  expressing  cells,  and  cells  exhibited  no  change  in 
their  growth  rates  even  when  40%-80%  of  the  metaphases  exhibited  a  telomere  association. 
Dicentrics  (end-associations  with  a  detectable  structural  abnormality)  appeared  approximately  5- 
7  doublings  after  end-associations  and  their  frequency  correlated  strongly  with  progressively 
increasing  population  doubling  times  leading  to  crisis. 

These  results  suggest  that  there  may  be  a  qualitative  difference  in  the  state  of  short  telomeres  that 
leads  to  end-associations  in  Ml  and  those  that  lead  to  end-fusions,  dicentric  chromosome 
formation,  and  apoptosis  during  M2.  One  model  consistent  with  the  present  results  is  that  non- 
canonical  telomeric  sequence  variants  at  the  base  of  the  telomeres  could  produce  mismatches 
with  the  invading  G-rich  overhangs  and  destabilize  t-loop  formation.  The  unfolded  telomeres 
would  still  have  intact  G-rich  3’  overhangs  and  sufficient  double-stranded  telomeric  sequences  to 
provide  partial  masking  from  the  DNA  repair  apparatus.  A  partial  DNA  damage  response  might 
initiate  end-associations  with  another  telomere  that  are  “transient”  (i.e.,  either  do  not  involve 
actual  covalent  ligation  of  the  ends,  or  where  breakage  is  preferentially  induced  within  the  short 
stretch  of  telomeric  repeats  so  that  some  protective  sequences  still  remain).  The  implications  of 
non-canonical  sequences  for  pathologies  involving  premature  replicative  aging  will  be  discussed. 


